Introduction
Cavernous carotid aneurysms (CCAs) are uncommon pathologic entities. Because they are located in extradural space, the clinical manifestation is different from other intradural aneurysms. Natural history usually benign if CCAs are small because of low risk of subarachnoid hemorrhage. Symptomatic and giant aneurysm usually manifest the symptoms and signs of mass effect to surrounding structures. [1, 2] Furthermore, the appropriate treatment also differs from other types of aneurysms. Direct surgical obliteration with preservation of the parent artery is the ideal method for treatment, but may associate with significant neurological
Clinical Presentation
Because CCAs are located in extradural space and hard surrounding structures of the cavernous sinus dura, they have a very small risk of subarachnoid hemorrhage. However, they can grow larger in size, and can present with symptoms of mass effect on cranial nerves, such as ophthalmoplegia and facial pain or numbness. [3] Rarely, they may also compress the optic nerve leading to subsequent loss of vision. [4] Spontaneous intramural thrombosis of giant IC aneurysms occurs in 13-20% of cases. [5] Furthermore, there are reports of 17 cases associated with simultaneous thrombosis of giant CCA with ipsilateral ICA occlusion. [6] Difference in the direction of aneurysm extension can cause different clinical manifestations. More anterior extension through the superior orbital fissure leads to proptosis and optic nerve compression with the resultant monocular visual loss. More lateral extension causes compression of the left perisylvian cortex leading to dysarthria. Medial extension results in compression of the optic nerve leading to visual impairment. [6] In five reported patients with a CCA causing acute subdural hemorrhage, the size of the aneurysm was giant and cranial nerve signs preceded the rupture. A possible mechanism was a cavernous aneurysm breaks the weak part of cavernous sinus dura, which is associated with the cranial nerve passages. [7] [8] [9] [10] [11] Rupture of CCA may result in direct carotid-cavernous fistula (CCF) causing severe neuro-ophthalmological symptoms. The acutely worsening neuro-ophthalmologic symptoms are caused by the direct CCF with the resultant engorged left superior orbital fissure. Furthermore, a CCA rupture can cause intracerebral hemorrhage due to cortical venous drainage or subarachnoid hemorrhage if the aneurysm ruptures into the subarachnoid space, thereby disrupting the normal confines of the cavernous sinus dura. [12] A subarachnoid hemorrhage may occur in 0-16% of CCAs. [13, 14] The possible causes of subarachnoid hemorrhage from CCA include growing of the CCA into subarachnoid space, direct erosion of cavernous sinus wall, and erosion into sellar turcica causing communication between cavernous sinus and subarachnoid space through diaphragm sellae. Also, Linskey et al. report that aneurysms arising from anterior genu of ICA may have a higher risk for subarachnoid hemorrhages. [13] Epistaxis may be caused by direct rupture of a CCA into the sphenoid sinus. The majority of CCAs have a thin shell of bone separating them from the sphenoid sinus, and in 4% of the specimens, no bone separation is present. [15] Clinical presentations of CCA have been summarized in Table 1 . [3] [4] [5] [6] [7] [12] [13] [14] [15] 
Indications for Treatment
The risks and benefits of treatment of CCA should be carefully considered because CCAs are not a common pathology, and there are no definite guidelines for treatment currently. Furthermore, data about the natural history and pathogenesis of CCA is limited. Indications for treatment of CCA are summarized in Table 2 . [2, 13] 
Surgical Treatment and Outcome
In general treatment for aneurysm, direct occlusion of the aneurysm with parent artery preservation is the best method.
As for the open surgical approaches, direct clipping of CCAs [16, 17] is extremely challenging and difficult, given the complex surrounding venous structures and cranial nerves. For example, it is nearly impossible to avoid manipulating/injuring the cranial nerves when creating a direct surgical corridor for aneurysm clipping. This results in a significant postoperative neurological deficit. In addition, lengthy temporal occlusion and multiple complex clipping are necessary for direct clipping of such aneurysms, leading to a risk of devastating distal ischemia.
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In contrast, distal bypass with parent vessel occlusion can completely exclude the aneurysms from the circulation, promptly inducing thrombosis inside aneurysms, and can be performed with predictable ischemic time and a relatively low complication rate, obviating the dangers associated with direct complex aneurysm manipulation. [12, 18] Currently, several techniques for indirect treatment of giant CCA have been reported. Such techniques include ICA occlusion (direct ligation or gradual occlusion using Selverstone clamp), superficial temporal artery-middle cerebral artery (STA-MCA) bypass with ICA occlusion, trapping, and high-flow bypass with ICA occlusion or trapping.
Little et al. [19] reported 15 cases of symptomatic CCA were treated with different methods of ICA occlusion without high-flow bypass. Good results were achieved in most cases, but delayed ipsilateral cerebral ischemia was found in two cases (13%), and partial retrograde filling of the aneurysm was demonstrated in three cases.
Niiro et al. [20] reported 11 cases of large or giant CCA treated by gradual occlusion of ICA or common carotid artery by Selverstone clamping without extracranial-IC bypass. Early and delayed ischemic events in the ipsilateral side of carotid occlusion occurred in three cases (27.3%), with 9.1% permanent morbidity and 36.4% temporary morbidity. Two cases (18%) developed new formations of an aneurysm at other sites (de novo aneurysm) in the long-term due to chronic hemodynamic stress, which are located at the contralateral cavernous carotid artery and anterior communicating artery.
Ishikawa et al. [21] reported one case of giant CCA treated by high-flow bypass with trapping. Preoperative balloon Matas test was not performed. The insufficient blood flow from STA-MCA double bypass was detected by somatosensory evoked potential (disappearance of N20 100 min after ICA occlusion).
In 2007, Murai et al. [22] reported 17 patients with giant or large complex ICA aneurysm (4 cases located in paraclinoid region, 13 cases in the cavernous segment) between September 1997 and October 2005. Radial artery grafting (RAG) followed immediately by parent artery occlusion was performed in all cases of CCA (only proximal ligation in nine cases, trapping in four cases). Postoperative angiography was performed. All 17 aneurysms were excluded from the cerebral circulation, with all RAGs patent. Cranial nerve dysfunction (III and VI) caused by altered blood flow from the ICA after occlusion was the most common complication (three cases in CCA) and typically was temporary.
Houkin et al. [23] reported 36 patients with giant or large aneurysms located at the cavernous portion of the ICA with ocular nerve signs, which were treated by ligation and reconstruction of the ICA with an RAG bypass between 1989 and 1998. Postoperative angiography showed patency of bypass graft in 97% (35 cases). One patient with bypass graft occlusion who presented with cerebral infarction recovered within 1 month. No ischemic symptoms or cerebral hyperperfusion syndrome showed in patients with good patency of bypass graft. The ocular symptom improved in all patients. Aneurysms disappeared and thrombosed on postoperative angiography and magnetic resonance imaging, respectively.
The cervical ICA was ligated (proximal ligation of parent artery) immediately after the opening of the RAG. In the early cases in this series, the IC ICA was ligated proximally to the origin of the ophthalmic artery (distal outflow occlusion for trapping the aneurysm). To occlude such IC ICA with clip, anterior clinoidectomy is often performed for ophthalmic artery origin identification. [23] However, the authors found that most of the aneurysms would spontaneously thrombose after proximal ligation without the distal outflow occlusion, even after just the RAG. Therefore, in most cases in this series, the IC portion of the ICA was not occluded (only proximal ligation of cervical ICA was performed). The anterior clinoidectomy was not necessary [ Figure 1 ]. [23, 24] In 2011, Murai et al. [25] reported eight elderly patients with large or giant symptomatic CCA (all patients age over 70 years). High-flow bypass (using RAG) surgery was performed in all the patients for the surgical ligation of the ICA. After the operation, aneurysms completely thrombosed in all cases, and the improvement of presenting symptoms was achieved in 87.5%. One patient had a postoperative small area of cerebral infarction at the ipsilateral frontal lobe, which resulted in transient dysarthria and gait disturbance, and another patient developed convulsive seizures, which had been attributed to the postoperative hyperperfusion syndrome.
Shimizu et al. [26] reported large or giant CCA treated with cervical ICA occlusion (ligation or coil embolization) with or without bypass (STA-MCA or high-flow bypass) depending on balloon test occlusion (BTO) and single photon emission computed tomography. Postoperative ischemia occurred in 16.7%, all were embolic in origin. Complete aneurysm occlusion was demonstrated in all cases.
The amount of patients, treatment techniques, outcomes, and postoperative complications of six case series are summarized in Table 3 . [19, 20, 22, 23, 25, 26] The mechanism of CCA thrombosis after proximal occlusion of ICA is still unknown. Some authors report many cases of aneurysm treatment with parent artery occlusion using "blind-alley formation" strategy (making the aneurysm lumen "a blind-alley" by obliteration of all but one artery around the aneurysm). [27] [28] [29] Takahashi et al. [27] reported using "blind-alley"
Volume. 12, Issue 3, July-September 2017 formation technique to treat giant partially thrombosed basilar tip aneurysm that failed to completely thrombose with proximal parent artery occlusion. Unsuccessful treatment of a partially thrombosed giant basilar tip aneurysm with proximal occlusion is caused by blood flow from bilateral posterior communicating artery in first operation [ Figure 2a ]. The aneurysm become "blind-alley formation" by additional clipping (purple) and bypass [ Figure 2b ]. Postoperative imaging showed complete aneurysm obliteration [ Figure 2 ]. Miyamoto et al. [28] reported "maximal flow reduction strategy," in which the configuration of the aneurysm was transformed into a "blind-alley" formation, to treat giant partially thrombosed basilar tip aneurysm in two patients. Complete aneurysm thrombosis was demonstrated after operation in both cases [ Figure 3 ]. Shimizu et al. [29] reported the successful "blind-alley" formation technique to treat three patients with unclippable ophthalmic segments and supraclinoid segments of ICA aneurysms [ Figure 4 ]. [29] According to the anatomical relationship of CCA, ophthalmic artery, and ICA, the aneurysm thrombosis after proximal occlusion of ICA may be explained by the same mechanism ("blind-alley" formation) as the aforementioned three case report [ Figure 5 ].
In reports of three patients with ruptured CCA causing acute subdural hemorrhage undergoing surgery, ICA occlusion was selected to treat the aneurysms. [7, 8, 11] In one case with high-flow bypass and ICA ligation, the right abducens nerve palsy improved, although the oculomotor nerve palsy remained postoperatively. This patient was discharged 4 weeks after admission and returned to her previous life. [7] Two patients had ICA occlusion performed without bypass surgery. Cerebral infarction occurred causing transient hemiparesis. [8, 11] In an aspect of the indication for revascularization when ICA is sacrificed, many authors take the position of "selective revascularization" that is, the occlusion of the ICA, with or without bypass, depending on the cross-flow, as well as results of BTO. [26, 30] Some authors think that the cumulative risks of not performing revascularization in patients who tolerate ICA balloon occlusion (risk of BTO itself 3.7-7%, [31, 32] false negative rate of BTO 7-22%) exceed the surgical risk of revascularization (3-7%). Furthermore, the delayed risk of arterial occlusion without revascularization is de novo formation (new aneurysm formation) of aneurysms (0-10%) due to hemodynamic stress. They, therefore, favor revascularization in all patients who In the case of ruptured CCA causing direct CCF, Hasegawa et al. [12] reported urgent treatment with high-flow bypass followed by trapping the aneurysm (cervical ICA ligation and distal outflow clipping at C3 segment of ICA, proximal to origin of ophthalmic artery) to completely control bleeding from aneurysm to cavernous sinus. The progressive visual decline, papilledema, and refractory elevation of the intraocular pressure are all indications for emergent intervention [ Figure 6 ]. [36] The great benefit of direct surgical repair is that trapping of the aneurysm can successfully occlude the aneurysm and fistula without causing any mass effect, leading to an immediate decrease of intracavernous sinus pressure, which results in rapid and complete resolution of neuro-ophthalmic symptoms. [12] 
Endovascular Treatment
Recently, endovascular techniques have been developed to treat CCA, which included intra-aneurysmal coil embolization with or without stent or balloon-assist, and flow-diverting stent.
have undergone occlusion of a parent vessel for treatment of complex aneurysms ("universal revascularization"). [33] [34] [35] Morita et al. [37] performed intra-aneurysmal coil embolization in seven patients with large or giant symptomatic CCA. After the operation, one patient improved the symptoms of aneurysmal mass effect, two patients unchanged and four patients deteriorated. They concluded that intra-aneurysmal coil embolization is not an effective treatment option for large or giant CCA.
According to a recent report, a flow diverting stent has been developed for the effective treatment of an unruptured giant symptomatic CCA; [38] however, early, [39] and delayed [40, 41] rupture of the aneurysm after treatment has been described. The incidence delayed ruptured of an aneurysm after the stent is 0.6-1%, but was not reported for early rupture. The risk factor is aneurysm size 10 mm or larger. [40] Stent-or balloon-assisted endovascular treatment of saccular aneurysm resulted in acceptable short-term occlusion, but the recanalization rate remained as high as 20% for small and up to 46% for large aneurysms requiring a high number of retreatment. [39] In cases of a ruptured aneurysm with flow diverting stent treatment, the blood flow entered the aneurysm sac continuously without intra-aneurysmal pressure reduction immediately after device deployment. Furthermore, it was necessary to use the antiplatelet agent during the perioperative period after stenting. Therefore, prompt prevention of the aneurysmal re-rupture could not be obtained. [42] In cases with direct CCF, the fistula occlusion via an endovascular approach was the treatment of choice. In general, direct CCF due to ruptured CCAs progressed rapidly and required urgent treatment. The progressive visual decline, papilledema, and refractory elevation of the intraocular pressure were all indications for emergent intervention. However, endovascular management was not always available on an urgent basis in some institutes and was not always successful, in which case direct surgical trapping of the lesion and distal bypass might be indicated. [12] 
Conservative Treatment
Spontaneous intramural thrombosis of giant IC aneurysms occurs in between 13% and 20% of cases. [5] Few cases of spontaneous ICA occlusion with giant CCA thrombosis was reported in 17 cases from 10 different centers. Many hypotheses have been proposed by authors to explain the simultaneous occurrence of ICA occlusion and cavernous aneurysm. Three of such theories include direct stretch and compression of the parent artery by the giant aneurysm, proximal propagation of an intramural thrombus, or compression of the ICA against the anterior clinoid process. [6] Many reports suggest that there is definitely a subset of these patients with giant cavernous ICA aneurysms who undergo spontaneous occlusion of the feeding vessel. Therefore, Sastri et al. believe there is a role for conservative management in patients who are not acutely and severely symptomatic and fail BTO. [6] 
Conclusion
Several surgical techniques for treatment of large or giant CCA with results were reviewed in this article.
For CCA with mass effect, high-flow bypass with proximal occlusion of ICA (without trapping) seems to be the first choice treatment for large and giant CCA because of the high rate of aneurysm thrombosis and significant improvement of symptoms.
However, in cases of direct CCF caused by ruptured CCA, high-flow bypass with aneurysm trapping seems to be the most effective option for patients with rapid progressive visual loss.
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